The cross-sections have been measured for reactions produced by deuterons in platinum, gold, mercury, thallium, lead, bismuth, thorium and uranium, using deuterons of 9 MeV energy from the Cavendish cyclotron. 
I ntroduction
We have previously made a general investigation (Krishnan & Nahum 1940 , 1941 of the properties of the radio-elements formed by deuteron bombard ment of the heavy elements. In this paper an attem pt has been made to continue the investigations on more quantitative lines, by measuring the cross-sections for the production by deuteron bombardment of a number of radioactive isotopes of platinum, gold, mercury, thallium, lead, bismuth, thorium and uranium, and by comparing, the results with those to be expected on theoretical grounds. So far there has been very little work along these lines. Cork, Halpem & Tatel (1940) have determined the crosssections for (d, p) and (d, n) reactions in bismuth using deuterons of energy 10MeV, and have obtained the values 4 x 10-28 and 9 x 10~29 cm.2 respec tively. A systematic study of cross-sections for the heavy elements promises to be very interesting from the theoretical standpoint, and should give some insight into the mechanism of disintegrations produced by deuterons.
Cross-section measurements
The principle of the measurement of cross-section consists in bombarding a very thin layer of the substance under investigation with a known beam of deuterons of definite energy for a given time. From a comparison of the activity resulting from the bombardment with the activity due to a standard source, it is possible to estimate the number of radioactive atoms formed 322 R. S. Krishnan and E. A. Nahum during bombardment. Using the method to be described below, crosssections for the following reactions have been determined: 
E xperimental details
The elements were bombarded in the following form: platinum, gold, thallium, lead and bismuth in the form of thin foils; mercury, thorium and uranium as powders of their compounds. Pure assay foils of platinum and gold were employed, whereas thallium and lead foils were prepared in the laboratory by rolling out pure samples of the metals. Bismuth foils, uniform over a small area, were prepared by evaporating the metal in vacuum on to ah aluminium foil. The surface density of the foils used varied from 4 to 12 mg./cm.2. The following technique was adopted for elements bombarded in the form of their compounds. The compounds yrere finely powdered, and spread as uniformly as possible on weighed copper foils. They were fixed in position by a dilute solution of cine-film. The copper foils were then cut into pieces of the required shape and the surface density of the powder layer was determined by weighing. Pure oxides of mercury and uranium, and nitrate of thorium were used for bombardment. The uranium oxide was specially purified before bombardment to free it from uranium X.
The foils (or powders) were bombarded by deuterons from the Cavendish cyclotron using a standard target arrangement. The foil was held between a brass cover-plate and the copper target-holder of the cyclotron. The coverplate was provided with a rectangular aperture of size 1-1 x 0*7 cm., and the size of the foil to be bombarded was always slightly greater than the aper tures, so th a t it filled the whole opening. The target-holder was always fitted in the same position inside the target box. The beam striking the plate was limited by a brass guard-plate provided with an aperture of exactly the same size as th a t in the cover-plate, and fixed a t a distance of 0;3 cm. from the target. The position of this guard-plate was adjusted so th a t the beam passing through its aperture passed also through the aperture in the coverplate. This was ascertained by the crude but effective method of observing the scorch mark of the deuteron beam on a piece of paper placed on the target-plate. The target had the usual secondary electron shield. The brass guard-plate was connected to the dee box and was thus insulated from the target. The deflexion of the galvanometer attached to the target-holder was then a true measure of the actual beam striking the foil under investigation.
Bombardments were made under reproducible running conditions. The voltage on the deflecting plate and the radio-frequency voltage on the dees were kept constant as far as possible, the latter being maintained a t a high value so as to obtain a well-focused beam. The intensity of the beam striking the target was varied as required by varying the gas pressure or the filament emission. The duration of bombardment, which was mainly determined by the half-life of the activity under investigation, varied from 2 to 30 min., and the beam currents employed varied from ^ to ^ fiA. As far as possible a steady value of the beam current was maintained during a bombardment. Readings of the beam current were taken every 10 sec. and the average beam was calculated from these readings.
After each bombardment chemical separations were made. The necessary carriers foi the various radioactive isotopes formed were added and the elements were separated in the following form: platinum, gold and mercury as sulphides, thallium as iodide, lead as sulphate, bismuth as hydroxide, thorium as iodate, and uranium as sodium uranyl acetate. The active pre cipitates were filtered off and spread uniformly on weighed filter papers of standard size (1*8 cm. diameter). The precipitates were washed well and dried. The amount of precipitate collected in each case was determined by weighing and the surface density of the precipitate layer was calculated.
The filter paper carrying the precipitate was placed in a standard speci men holder mounted in a fixed position relative to a standard /?-ray counter (which was usually used for /?-ray absorption measurements), fitted with a thin mica window through which the /?:rays could enter the counter. The activity of the precipitate in this standard position was measured in the usual manner and its decay was followed. The activity of the sample a t the end of bombardment was determined by extrapolation of the decay curve. The initial measurement of the activity of the precipitate was followed in every case by a measurement taken with an aluminium absorber interposed between the counter and the substance. In respect of /^-particles the absorber used was roughly equivalent in stopping power to the mica window of the counter, the air space between the counter and the source, and a half thickness of the precipitate layer. I t was then possible to correct for losses due to absorption. Where the absorption was small, it was sufficient to assume an exponential law. Where the corrections to be applied were large, it was thought preferable to. estimate them by extrapolation of the absorption curves which had been determined previously using the same experimental arrangement. The stopping power of the mica window was equivalent to th at of 2 cm. of air, and the specimen holder containing the filter paper was held 2 cm. from the counter window. The thickness of the precipitate layer varied from 2 to 10 mg./cm.2, so th at the absorbers used for correction had surface densities varying from 7 to 11 mg./cm.2 of aluminium.
defore taking measurements of the activities of the precipitates the counter was standardized using purified uranium oxide. The source used for standardization consisted of 126 mg. of U30 8 spread as uniformly as pos sible over a 1-8 cm. diameter cavity in a standard specimen holder, and fixed in position with a few drops of a solution of cine-film. This source gave a count of about 1700 per mm. when measured in the usual way. Correction for the self-absorption of the standard source and the absorption in the air space and the mica window of the counter was made as follows. A number of similar sources of uranium oxide were prepared with the quantity of uranium oxide varying from 120 to 5 mg. The /?-ray activities of these sources were carefully measured under standard conditions and a curve was plotted representing counts per mg. of uranium oxide against the weight of uranium oxide in the source. The curve was extrapolated to zero source thickness. The correction to be applied to the 126 mg. source was found to be 20 %. Taking the decay constant for uranium as A = 4-8 x 10-18 sec.-1 (Kovarik & Adams 1932; Nier 1939) and calculating on the basis th a t only one par ticle per disintegration of uranium is sufficiently energetic to enter the counter, the geometrical efficiency ( g) of the counting a to 3*4 %. There was a slight variation from day to day in the efficiency of the counter (less than 2 parts in 100), and this was corrected for in cal culating the absolute activity of the precipitate.
From the various measurements, the cross-section for any particular reaction was calculated as follows:
_ Nx 1 A n 1tp p N i where Nx = the activity (expressed as counts per sec.) of the sample cor rected for absorption, substance lost during chemical separation and extrapolated to end of bombardment, ft = number of electrons emitted per disintegration, g = geometrical efficiency of the counting arrangement, A = disintegration constant in sec.-1 of the radioactive isotope formed, n x = the number of deuterons falling on the foil per sec., t = duration of bombardment in seconds (small compared with the half-life), A = atomic weight of the element bombarded, p = fractional abundance of the isotope responsible for the reaction p = surface density of the foil under bombardment (g./cm.2), N = Avogadro's number. *
In the case of radioactive bodies with short half-lives the duration of the bombardment ( t) was comparable to the half-lives and the necessary correc tions were made in the formula for cr.
The cross-section for the formation of polonium from bismuth was not determined directly, but was estimated as follows: A thin layer of bismuth obtained by evaporation on an aluminium foil was bombarded with an intense deuteron beam for an hour. The a-ray activity of the bismuth layer, which was mainly due to polonium formed during bombardment, was measured immediately after the end of bombardment, using an ionization chamber and linear amplifier. The radium E formed during bombardment decayed with a period of 5 days giving rise to polonium. By following the growth and subsequent decay of the a-ray activity of the bombarded bismuth sample, it was possible to estimate the ratio of the number of polonium atoms formed directly to those formed by the decay of R aE . From a knowledge of the cross-section for R aE , the cross-section for the formation of polonium could be calculated.
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The results are summarized in 
Accuracy
Although the principle of the method employed for cross-section measure ments is a simple one, there are various stages in the experimental procedure where corrections have to be applied, and we discuss below the errors , involved.
(а) Errors arising from non-uniformity in distribution of the substance under bombardment and consequent variation in surface density were negligible in the case of those elements which were bombarded in the form of foils. The error from this cause would be expected to be appreciable in the case of mercury, thorium and uranium which were bombarded in the form of powders. The deviations Observed in the repetitions of the same experiment were in general slightly higher for powders than for foils* But the order of magnitude of these deviations shows th a t the error introduced by this cause cannot be a serious one. I t should be noted th a t the error introduced by this cause tends to make the observed values of the crosssection smaller than the actual value, since the mean energy of deuterons producing disintegrations is actually less than the mean energy assumed on the basis of uniform distribution.
(б) Lack of alignment between the two apertures in the path of the beam, the variation in bending of the beam due to sporadic variations of deflector voltage, and also the process involved in the current integration (described in an earlier section) might be expected to introduce some errors. The fol lowing test was made in order to estimate the magnitude of the errors in volved. Identical silver foils were bombarded with deuteron beams in the standard arrangement. The beam current and the duration of bombardment were varied for different trials, although the beam current was kept con stant as far as possible during each bombardment. The activities of the foils were then measured 7 hr. after the end of bombardment. After reducing the activities to a standard time of bombardment and standard beam current, the maximum deviation observed was 7 %.
(c) The presence of a component of very low energy in the deuteron beam will introduce some error. The energy distribution of deuterons in the beam of the cyclotron was experimentally determined using aluminium absorbers, and the results indicate th at the low-energy component amounts to 5 % of the measured beam. Since the energy of this component is so low th a t these deuterons do not produce any appreciable activity in the heavy elements studied, a correction could easily be made for this effect.
(d) Weighings were carried out correct to the nearest one-tenth of a milligram, and as the weights of the precipitates involved varied from 5 to 12 mg., the errors involved in weighing should not be greater than ± 2-3 %.
(e) In the case of the 32 hr. mercury isotope formed from gold, the chemical separation was incomplete. The small amount of gold present in the mercury fraction was estimated by absorption measurements and a correction applied. In all the other cases the determination of the halflives indicates th a t the separations were satisfactory.
(/) The various precipitates gave, in the standard counting arrangement, counts varying from 500 to 4000 per min. Counting measurements were taken over a sufficiently long period to make the statistical error involved less than 2 %.
(g) When considerable extrapolation and subtraction of activities due to radioactivities of other periods are required, the error involved in estimating the initial activity of a particular radio-element may be as high as 10 %. This occurred only in the case of the 18 hr. 197Pt. In the other cases the error was negligible.
(h) In the case of short periods where the /?-particles are of high energy, the correction factor (tj) for the self-absorption of the /?-rays due to the finite thickness of the source and also for the absorption in the air space and in the mica window of the counter was very small and could be accurately estimated. In the case of low-energy /?-particles, however, the correction factor was as high as [1] [2] [3] [4] [5] [6] [7] (see table 1 ). In such extreme cases the error involved may be as high as 10 %.
(i) The errors arising from non-uniformity in distribution of the pre cipitate on the filter paper and consequent variation in the geometrical efficiency (g) of the counting system cannot be directly estimated, but the consistency of the results obtained from various measurements suggests th at this cause of error cannot be very serious.
(j) Differences in the efficiency of counting caused by the possible differences in the back-scattering of the /?-rays from the various sources were neglected.
(k) The activities produced in the substances by the neutron and y-ray background of the cyclotron were neglected, except in the case of the 48 min. 197Hg, as experience showed th at they were very small compared with those produced by deuterons. In the case of the 48 min. 197Hg the neutron-and y-ray-induced activity was about 13 % of the total activity. The necessary corrections were made for this effect in the calculation.
The cross-section measurement for the formation of any one radioelement was repeated at least three times. The error limits shown in the table represent the observed maximum deviations from the mean value. The average maximum deviation is 8*5 % (this does not include the error limits for the 198*Hg (32 hr.), where the absorption correction was very high). If the root mean square had been taken in every case, the average deviation would be very much reduced, and would provide a measure of the relative accuracy of the experimental values.
The absolute value of the cross-section cr depends on the method of calibration of the counter; the sources of error here are the uncertainty in the decay constant for uranium and the dependence of counter efficiency on the energy of the /?-particles.
In all these measurements the quantity th a t is accurately determined is /?er. Absorption measurements show with a fair degree of certainty th a t in the case of 197Pt, 199Pt, 205Hg, 209Pb and 210Bi disintegration takes place by the emission of continuous /?-rays. In these cases, as there is no quantum radiation present, it can be inferred th at ft, the number of particles per dis integration, is equal to 1. Consequently the values of <r given in the table should be accurate. In the case o f 198Au and 206T1 in addition to continuous /?-rays there is a fair proportion of conversion electrons. From a preliminary investigation in a magnetic spectrometer of the particles emitted by these radioactive bodies we have roughly estimated the values of fi given in table 1. In the case of 197Hg (48 min.), 198*Hg (32 hr.), 201T1 (10*5 hr.) and 206*Pb (54 hr.) which give conversion electrons only, no accurate estimation of /? was possible.
Another factor which may have an important influence on the calculation of <r is the uncertainty in some cases concerning the isotope responsible for the reaction. This point will be considered further in the discussion.
. D is c u s s io n of r e s u l t s
I t is generally believed th at the formation of the * compound nucleus ' for a (d, n) reaction takes place by the penetration of the potential barrier of the nucleus by the deuteron according to the Gamow-Condon-Gurney process (1928) . The (d, p) reaction, however, is believed to occur also by way of another mechanism (known as the Oppenheimer-Phillips process (r935)) which the deuteron is polarized in the nuclear field and the neutron enters the nucleus.
Let <rG and cr0.p be the cross-sections for the Gamow process and the Oppenheimer-Phillips process respectively.
Then the cross-section for the (d, n) reaction is <rG(d>n), while th a t for the
The cross-section <rG for reactions produced by deuterons (Bethe 1937)
where R -the nuclear radius, ®~p = the Gamow penetration probability, id = the 'sticking probability', Icfto = angular momentum factor ' for the incident deuteron, = f h® partial probability of emission of the outgoing particle ' a * from the compound nucleus, r = total width of the compound level.
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R for any nucleus is usually fallen as R0A*,
with x -ERI Ze2. E is the energy and vt he velocity o According to Bethe (1937) Z 0 = 2 = (2 M Z ( 4) and lc + i = (&7)1 (* -x )~i -£d, the 'sticking probability', may be expected to be of the order of unity a t the high excitation energies involved. Let us denote { )} by Fq . Then the cross-section crG is determined in the main by the factor 
Various values for R0 have been suggested, ranging from 2-0 x 10~13 to 1*39 x 10-13 cm. The values of FG have been calculated by the authors for the various elements (see table 2) for 9 MeV deuterons using two different values of R0, namely, 2-0 x lO-13 and 1-47 x 10~13 cm. The value 1-47 x 10-13 cm. was obtained by Bohr & Wheeler (1939) by computing the nuclear radius in terms of the surface energy of the nucleus.
The cross-section for the O-P process is given by «r0.P = nR H -r(l?Jll)£nr 0/ r = % P!*/oAT, (V where e_JV = the Oppenheimer-Phillips penetration probability, £n = the 'sticking probability' for the neutron, r j r -the probabihty th at no particle is emitted after the neutron is captured.
Calculations by Bethe (1938) , Kapur (1937), and Volkofif (1940) show th at <r0_p should be greater than <rG at deuteron energies far below the summit of the potential barrier. Above a certain critical energy (Ec) of the incident deuteron (Ec -B -I, where B is the barrier height an dissociation energy of the deuteron), the deuteron enters the nucleus before breaking up, and the Oppenheimer-Phillips process becomes indistinguish able from the Gamow process, and < x for the (d, reaction is determined by <rG. Since r p will be expected to be less than r n, for energies above E c, < Ta(d,p)< (rQ ( d , n ) • This will be the case in our experiments with R0 -2*0 x 10~13 cm., since Ec is well below 9MeV for all the nuclei investigated. Therefore in our case < J-(dtP)« r (dtn). For the lower value of R0, Ec is above MeV for the elements studied. The (d, p) reaction at 9 MeV may therefore be expected to occur mainly by the Oppenheimer-Phillips process. The penetration probability factor, e~p', for this process has been calculated by Volkoff (1940) using R0 = 1*4 x 10~13 cm., and is found to be about 6-7 times the Gamow penetration factor a t 9 MeV for these heavy elements. For R0 = 1*47 x 10-13 cm. this pro portionality factor should not be far different from the above value. In our calculations we have provisionally taken the factor as 6. On the assumption th a t the factor Z'2/Z$ is not far different from we have calculated F0.p for the Oppenheimer-Phillips process by multiplying FQ by 6. The results of this calculation are given in column 10 of table 2. I t should be noted th at since the Oppenheimer-Phillips process amounts to the capture of a neutron, the factor r j T should be large compared with r p/r . F0_p is large compared with FQ at these energies, and the factor Fp/ r tends to reduce still further the importance of <rQ (equation (1)) relative to <r0.p. Thus, on the basis of the lower value o f the cross-section tr(d > a t these energies will be determined mainly by F0.P. In columns 11 and 12 of table 2 we give the experimental values of <r for the (d, p) and (d, n) reactions respectively (extrapolated to 9 MeV). From a comparative study of the theoretical values of F and the experimental values of cr, the following conclusions may be drawn:
(1) The values of cr determined experimentally for the (< , p) reaction agree fairly closely ydth the calculated values of F0,p for R0 = 1*47 x 10-13 cm., whereas the observed values of a are one-twentieth to one-fortieth of the theoretical values of F0.P (= Fq) for R0 = 2*0 x 10-13cm. The agreement between experiment and theory has been achieved with the 4-4 min. thallium isotope by a reassignment of the species responsible. The 4*4 min. thallium was tentatively assigned (Krishnan & Nahum 1940) to 204T1. On this basis the cross-section for its formation comes to about 70 x 10-27 cm.2, considerably higher than the corresponding values for the other elements of the series studied in these experiments. On the other hand, by reassign ing the 4*4 min. period to 206T1 a more reasonable value (27*5 x 10~27 cm.2) is obtained. In the same way, the 48 min. 197Hg presents considerable difficulty. On the assumption th a t it is formed from 196Hg = 0*15 %) by a ( d, p) reaction, the minimum value of cr comes to about 70 x 10~27 cm.2. If, however; it is formed from 198Hg (p = 10*1 %) by a (d, 3H) reaction, the minimum value of or is equal to 1*0 x 10-27 cm.2. Even so, this value appears to be rather high for a (d, 3H) reaction.
(2) In the case of the (d, n) reaction, the experimental value of cr for bis muth (which is more reliable than th at for the other elements as it is derived from direct comparison with the cross-section for the (d, p) reaction in th a t element, and hence does not involve a knowledge of /?) agrees well with the value of Fq calculated for the lower value of R0. The divergence between or and Fq is very great for R0 = 2-0 x 10-13 cm.
(3) I t should be noted that the magnitudes of the observed values of a for (d, p) and (d, n) reactions considered separately could be explained on the basis of R0 = 2*0 x 10~13 cm. by suitably choosing the values of the factors f and F JT. However, when the observed ratio con" sidered, it is found to be roughly 5-5 for deuterons of 9 MeV energy. This can only be explained on the basis of the lower value of R0. For the higher value of R0 this ratio would be expected to be less than 1, sincê (d.p) = fqE , drp/r; cr^n) -Fo^rjr and Fp < r n.
(4) I t has already been shown th at the observed energy-yield curves for the ( d, n) reaction follow the Gamow curve calculated using the lower value of R0 (Krishnan 1941; Gant & Krishnan 1941; Krishnan & Nahum 1941) . The ratio of the ( d, p) yield to the (d, n) yield increases with decreasing ener between 9 and 7*5 MeV. This fact is difficult to explain on the basis of the higher value of R0, since for that radius 7-5 MeV.
Conclusion
The general trend of the results is clearly in favour of the lower of the alternative values which have been suggested for the standard nuclear radius R0. Weisskopf & Ewing (1940) have calculated by statistical methods the cross-sections for nuclear reactions produced by protons. They find th at the measured cross-sections and their dependence on energy suggest a value of 1*3 x 10~13 cm. for the standard nuclear radius i?0.
A detailed examination of table 2 shows th a t although there is general agreement between theory and experiment, there are some irregularities which seem to be outside the range of experimental error; e.g. according to the theory for bismuth should be about three times <x(rfj3) for thorium, whereas the experimental values are of the same order of magnitude. Certain factors connected with the structure of the nucleus and the nature of the reaction mechanism enter into the exact evaluation of <r, and these are not known with any accuracy a t the moment. The simplified theory, however, seems to provide a reasonable explanation of the experimental results.
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